Regulation of cell growth by nutrients is governed by highly conserved signaling pathways, yet mechanisms of nutrient sensing are still poorly understood. In yeast, glucose activates both the Ras/PKA pathway and TORC1, which coordinately regulate growth through enhancing translation and ribosome biogenesis and suppressing autophagy. Here, we show that cytosolic pH acts as a cellular signal to activate Ras and TORC1 in response to glucose availability. We demonstrate that cytosolic pH is sensitive to the quality and quantity of the available carbon source (C-source). Interestingly, Ras/PKA and TORC1 are both activated through the vacuolar ATPase (V-ATPase), which was previously identified as a sensor for cytosolic pH in vivo. V-ATPase interacts with two distinct GTPases, Arf1 and Gtr1, which are required for Ras and TORC1 activation, respectively. Together, these data provide a molecular mechanism for how cytosolic pH links C-source availability to the activity of signaling networks promoting cell growth.
INTRODUCTION
Nutrient availability is a major determinant of cell growth in all eukaryotic cells. Nutrients are not only required to generate sufficient building blocks for the accumulation of biomass, but also act as cellular signals to regulate the activity of several highly conserved signaling pathways (Saad et al., 2013) . In yeast, glucose promotes growth through activation of the Ras/PKA and TORC1 pathways (Broach, 2012) . Both pathways are essential for viability, and inactivation of either pathway leads to impaired growth and cell-cycle arrest in G1 (Dechant and Peter, 2008) . TORC1 and Ras/PKA are part of a highly interconnected signaling network that promotes anabolic processes including ribosome biogenesis, while inhibiting catabolic processes such as autophagy and the general stress response Martin et al., 2004; Ramachandran and Herman, 2011; Schmelzle et al., 2004; Soulard et al., 2010) . How these pathways are regulated by glucose availability is still poorly understood.
Activation of the Ras/PKA pathway requires glucose uptake and phosphorylation, suggesting that a metabolic signal acts as a second messenger to trigger pathway activity (Rolland et al., 2000) . Because all carbon sources (C-sources) are funneled into a conserved central carbon metabolism, such a metabolic signal might also readily explain the sensing of structurally different sugars, which all support growth of yeast, although with different efficiencies.
Cytosolic pH has recently emerged as a cellular cue regulating cellular physiology and signaling in response to glucose, and different sensors for cytosolic pH have been identified (Dechant et al., 2010; Orij et al., 2012; Young et al., 2010) . In particular, cytosolic pH regulates the Ras/PKA pathway through activation of V-ATPase, which might involve direct protonation of its ''a'' subunit (Dechant et al., 2010; Dechant and Peter, 2011 ). Yet, how V-ATPase regulates the Ras/PKA pathway is unknown.
Interestingly, V-ATPase is not only required for acidification of organelles of the endomembrane system, but also participates in various other signaling pathways (Cruciat et al., 2010; Dechant et al., 2010; Hurtado-Lorenzo et al., 2006; Li et al., 2006; Zoncu et al., 2011) . In mammalian cells, V-ATPase regulates TORC1 in response to leucine availability (Zoncu et al., 2011) . V-ATPase binds to and activates Rag family GTPases, thereby activating TORC1 (Sancak et al., 2008; Zoncu et al., 2011) . Similarly, V-ATPase interacts with the small GTPase Arf6 to regulate vesicle trafficking (Hurtado-Lorenzo et al., 2006; Merkulova et al., 2010) , suggesting that V-ATPases might act more generally as regulators of small GTPases in response to environmental signals.
As in mammalian cells, yeast TORC1 is activated by two GTPases, which are encoded by GTR1 and GTR2 and are part of the EGO complex (Dubouloz et al., 2005) . Gtr1 binds TORC1 in a nucleotide-dependent manner and mediates leucine-dependent activation of TORC1 through its guanine nucleotide exchange factor (GEF) Vam6 (Binda et al., 2009) . Leucine also activates TORC1 through the activity of leucine t-RNA synthase, which regulates Rag/Gtr activity (Bonfils et al., 2012; Han et al., 2012) . In contrast, although TORC1 activity is highly sensitive to glucose availability (Efeyan et al., 2013; Urban et al., 2007) , little is known about the underlying mechanisms.
In mammals, different mechanisms for glucose-dependent regulation of TORC1 have been suggested. With low glucose conditions, AMPK phosphorylates the tuberous sclerosis complex 1 (TSC1), which acts as a GAP for the GTPase Rheb1, another critical regulator of TORC1 in response to extracellular cues (Fingar and Blenis, 2004) . In addition, nutrient availability also affects mTORC1 through AMPK-independent mechanisms via regulation of assembly and recruitment of mTORC1 to lysosomal membranes (Kalender et al., 2010; Kim et al., 2013) .
Here, we demonstrate that cytosolic pH is tightly correlated with the rate of growth and cell size with different C-sources. We provide genetic evidence that changes in cytosolic pH are directly responsible for the regulation of cell growth, and that these pH changes regulate Ras activity upstream of PKA. Interestingly, we also find that TORC1 activity is sensitive to cytosolic pH. Both functions are mediated by V-ATPase, which interacts with two distinct GTPases, Arf1 and Gtr1, to trigger activation of the Ras/PKA and TORC1 pathways. Together, these data demonstrate that cytosolic pH is a cellular signal that regulates cell growth in response to the quality and the quantity of the available C-source, and identify a mechanism for regulation of Ras and TORC1 activity by cytosolic pH.
RESULTS

Cytosolic pH Tightly Correlates with Cell Growth
We determined cell growth and cytosolic pH with different nutrient conditions. Glucose regulates both the growth rate and cell size in a concentration-dependent manner ( Figure 1A ; Figure S1 available online), reflecting the strict coordination between cell growth and cell division by the cell size checkpoint . Interestingly, cytosolic pH tightly correlated with growth rate and mean cell size for these conditions ( Figures 1B and S1 ). Similarly, growth on alternative C-sources resulted in reduced growth rate and mean cell size with a concomitant decrease of cytosolic pH (Figures 1C and S1), suggesting a causal connection between cytosolic pH and cell growth. Indeed, reducing cytosolic pH by adding the glucose analog 2-deoxy glucose (2-DOG) leads to severe growth arrest ( Figure 1D ; Dechant et al., 2010) .
In contrast, when cells were grown with different amino acids as the sole nitrogen source, no reduction of cytosolic pH was observed ( Figure 1C ). Thus, reduced cytosolic pH is not simply a secondary consequence of reduced growth, but might be directly responsible for the regulation of growth by different C-sources. Amino acids appear to control growth by a mechanistically distinct, yet unknown, metabolic signal that is likely to act in parallel to, or downstream of, cytosolic pH ( Figure 1E ).
Importantly, buffering the medium to neutral pH, which prevents cytosolic acidification under nutrient limiting conditions (Dechant et al., 2010; Young et al., 2010) , alleviates growth defects on galactose media ( Figure 1F ), supporting a functional relationship of cytosolic pH and regulation of cell growth.
To directly test this hypothesis, we sought to genetically manipulate cytosolic pH in the absence of environmental pertur- (B) Cells harboring a doxycycline (dox) repressible allele of PMA1 (tetO7-PMA1) were grown in SD media, treated for 8 hr with (+) or without (À) dox and net-proton export was determined. (C) Time-lapse analysis of tetO7-PMA1 cells. Time after addition of dox is indicated for each frame and a mother cell (m) and daughter cells (arrowheads) are marked. (D) Measurements of cytosolic pH of mother cells and daughter cells. tetO7-PMA1 cells expressing pHluorin were followed for several divisions in the presence of dox and pH was determined in mothers and daughters at the time of the appearance of the following bud to assure completion of cytokinesis. (E) tetO7-PMA1 cells were grown in medium adjusted to the indicated pH and containing dox. Growth was followed by measurement of OD 600 over time; dox was used at 10 mg/ml. Error bars represent SEM. See also Figure S2 .
bations. The major regulator of cytosolic pH in yeast is P-ATPase, encoded by PMA1, a proton pump localized to the plasma membrane, which pumps protons from the cytosol into the medium. PMA1 is essential for viability and has been suggested to be rate limiting for growth (Rao et al., 1993) .
Measurement of net proton pumping activity across the plasma membrane in vivo revealed a strong induction of net pumping activity upon glucose addition to starved cells, while galactose was less effective (Figures 2A and S2 ), consistent with reduced steadystate cytosolic pH with galactose media ( Figure 1C ). However, we failed to detect significant differences in Pma1 amounts with glucose or galactose media ( Figure S2 ). Together, these data suggest that the specific activity of Pma1, rather than its abundance, is modulated by C-source availability and might contribute to the regulation of cytosolic pH and cell growth.
Cytosolic pH Promotes Growth
Therefore, we studied the influence of Pma1 activity on cell growth using a doxycycline-repressible allele (tetO7-PMA1; Mnaimneh et al., 2004) . As expected, the addition of doxycycline significantly reduced net proton pumping activity ( Figure 2B ). Interestingly, time-lapse analysis revealed multi-budded cells with arrested growth upon inactivation of Pma1 ( Figure 2C ). This phenotype occurred because the mother cells generated multiple daughter cells (buds) that completed cytokinesis, but were unable to resume growth and enter a new cell cycle (Cid et al., 1987) . This differential behavior is readily explained by the polarized nature of secretion in yeast, which directs newly synthesized Pma1 into buds ( Figure S2 ; Cid et al., 1987; Finger and Novick, 1998) , while old Pma1 protein is stably localized to the plasma membrane of mother cells with a very long halflife (Benito et al., 1991) . Thus, while mother cells retain ''old'' Pma1, daughter cells do not accumulate enough ''new'' Pma1 to promote cell growth.
Next, we analyzed the localization of Whi5, a transcriptional repressor of G1 cyclins analogous to the mammalian RB protein.
Whi5-GFP is localized to the nucleus and represses the expression of late G1 cyclins until phosphorylated by Cdk Cln3 , which triggers nuclear export (Cooper, 2006) . Interestingly, Whi5-GFP accumulated in the nuclei of daughter cells upon depletion of PMA1 ( Figure S2 ), demonstrating cell-cycle arrest in early G1 phase of the cell cycle.
We asked if growth arrest in daughter cells was linked to differential regulation of cytosolic pH in mother and daughter cells. Indeed, we found that cytosolic pH was high in mother cells, but significantly lower in daughter cells ( Figure 2D ), suggesting that growth arrest is caused by acidification of the cytosol due to loss of Pma1 activity. Strikingly, buffering the medium to neutral pH restored cell growth of daughter cells upon inactivation of Pma1 ( Figure 2E ), implying that increasing cytosolic pH is sufficient to promote cell growth.
Cytosolic pH Regulates Ras Activity
Because our previous analysis identified cytosolic pH as an activator of the Ras/PKA pathway, we followed Ras activity upon inactivation of PMA1 using a biosensor (RBD-GFP) capable of detecting active Ras at membranes of live cells (Leadsham et al., 2009) . As expected, RBD-GFP was localized to the plasma membrane in a glucose-dependent manner ( Figure 3A ), and addition of excess 2-DOG rapidly decreased Ras activity (Figure 3B) . Similarly, deletion of V-ATPase components lead to a drastic decrease of Ras activity ( Figure 3C ), strongly suggesting that V-ATPase links cytosolic pH to Ras activation.
Time-lapse analysis revealed that Ras was active in mother cells upon suppression of Pma1 expression using the tetO7-PMA1 allele, but Ras activity was lost in daughter cells. Strikingly, although these daughter cells were arrested in growth for several hours, increasing the pH of the medium was sufficient to reverse both the growth arrest and Ras activity in daughter cells ( Figure 3D ). Similarly, overexpression of dominant-active Ras2 (Ras2-V19) significantly suppressed the defect in cell growth and cell size associated with inactivation of PMA1 (Figures 3E and F) , while wild-type Ras was less effective ( Figure S3 ). Taken together, these data demonstrate that Pma1 promotes cell growth by increasing cytosolic pH and, consequently, Ras activity.
Arf1 Links Cytosolic pH to Ras Activity
To better understand how V-ATPase might connect cytosolic pH to Ras activity, we used targeted screening to find small GTPases that might provide this link, since recent data suggest that V-ATPase can regulate various cellular signaling pathways by recruitment and activation of small GTPases (Hurtado-Lorenzo et al., 2006; Zoncu et al., 2011). We consid-ered the following three criteria. The GTPase (1) activity is regulated in a glucose-and V-ATPase-dependent manner, (2) is required for Ras activity, and (3) physically interacts with V-ATPase.
Interestingly, we found that the small GTPases, Arf1 and Arf2, which redundantly regulate vesicle trafficking through late Golgi compartments, fulfill these criteria. In the presence of glucose, Arf1 and Arf2 are localized to late Golgi compartments, whereas upon glucose starvation ( Figures 4A and S4 ), or addition of 2-DOG ( Figures 4B and S4 ), they are found predominantly in the cytoplasm. Arf1 and Arf2 relocalization upon glucose starvation or glucose readdition was fast ( Figures 4C and S4 ) and consistent with a signaling function of these GTPases upstream of Ras. Because cells lacking both Arf1 and Arf2 function are inviable ( Figure S4 and Stearns et al., 1990) , we focused our analysis on Arf1, which is the predominant form expressed in glucosecontaining media.
Biochemical evidence suggests that only active, GTP-bound Arf1 is localized to membranes, while inactive, GDP-bound Arf1 is mainly cytoplasmic (Boman and Kahn, 1995) . Similarly, deletion of the Arf1 GEF Gea1 led to a significant reduction of Arf1 at membranes ( Figure S4 ), demonstrating that Arf1 membrane localization can be used as a readout for its activity.
Interestingly, deletion of the V-ATPase component Vma2 decreased Arf1 activity, as measured by the microscopy-based assay ( Figures 4C and S4) . In contrast, deletion of Arf1 did not affect V-ATPase assembly or function ( Figures 4D and S4) , demonstrating that V-ATPase acts upstream of Arf1 and contributes to glucose-dependent activation of Arf1. However, deletion of Arf1 led to a significant reduction of Ras activity (Figures 4E and 4F) , and overexpression of dominant-active Arf1, Arf1-Q71L , readily restored loss of Ras activity in cells deleted for VMA2 ( Figure 4G ). Thus, we conclude that Arf1 genetically acts downstream of V-ATPase to promote Ras activity.
Consistent with this hypothesis, Arf1 colocalizes with the Golgi and endosome-specific V-ATPase subunit Stv1 (Huh et al., 2003) . Coimmunoprecipitation experiments revealed that Arf1 physically interacts with Stv1, but not the vacuolespecific V-ATPase subunit Vph1 ( Figure 4H ). Importantly, deletion of Stv1 reduced Ras activity, while simultaneous deletion of Arf1 and Stv1 did not lead to additive defects ( Figure 4E ), suggesting that they act in a linear pathway to promote Ras activity. In contrast, vma2D cells lacking all cellular V-ATPase activities displayed a stronger phenotype than stv1D mutants, and the defects of vma2D and arf1D were slightly additive ( Figures 4F and S4 ). This could be caused by compensation of endosomal V-ATPase functions by Vph1 in stv1D cells. Alternatively, V-ATPase may affect Ras activity through Arf1dependent and -independent mechanisms. Nevertheless, we conclude that V-ATPase promotes Ras activity, at least in part, through activation of Arf1, which in turn activates Ras through as-yet unknown mechanisms. Thus, our data further implicate V-ATPase as an important regulator of cellular signaling by recruitment and activation of small GTPases to intracellular membranes, which contributes to the regulation of Ras activity and cell growth by cytosolic pH in response to glucose levels ( Figure 4I) . (legend continued on next page) TORC1 Activity toward Sch9 Is Regulated by Cytosolic pH Although Ras activity is critical for growth in yeast, glucose availability is also sensed by other signaling pathways, including TORC1, a major driver of cell growth in eukaryotic cells (Broach, 2012; Kim and Guan, 2011) . TORC1 directly phosphorylates Sch9, the yeast ortholog of S6 kinase, at multiple sites in its C-terminal hydrophobic domain in vivo and in vitro (Urban et al., 2007) . Thus, following the phosphorylation of these sites (C) Regulation of Arf1 by V-ATPase and glucose availability. Wild-type (WT) and vma2D cells expressing Arf1-GFP were grown in SD medium, loaded in a microfluidic chip and followed during glucose starvation and readdition (red line).
(D) Regulation of V-ATPase assembly by glucose. WT and arf1D cells expressing Vma5-GFP were grown in SD media, loaded into a microfluidic chip, and followed during glucose starvation and readdition (red line).
(E and F) Arf1 and V-ATPase are required for Ras activity. Cells expressing RBD-GFP were grown in SD media and followed during glucose starvation and readdition (red line) in a microfluidic chip. can be used as a reliable readout for TORC1 activity. As expected (Urban et al., 2007) , Sch9 phosphorylation was highly sensitive to glucose starvation and rapamycin addition, but was rapidly restored upon glucose readdition to starved cells ( Figure 5A and S5) . Similarly, Sch9 phosphorylation decreased upon addition of 2-DOG ( Figures 5B  and S5 ) and upon depletion of Pma1 ( Figures 5C and S5) , demonstrating that TORC1 activity, at least toward Sch9, is regulated by cytosolic pH.
Full activation of TORC1 requires the GTPases Gtr1 and Gtr2 ( Figures 5A and S5 ; Binda et al., 2009) . Interestingly, expression of the hyperactive, GTP-locked GTR1-Q65L allele readily restored Sch9 phosphorylation ( Figure 5C ) and partially suppressed growth defects associated with suppression of Pma1 activity ( Figure 5D ). Similarly, expression of GTR1-Q65L partially alleviated growth defects on galactose media ( Figure 5E ). Moreover, deletion of Npr2, which is part of the GTPase activating complex for Gtr1 (Panchaud et al., 2013) , diminished growth defects on galactose media ( Figure 5F ). Thus, hyperactivation of Gtr1 partially uncouples cell growth from regulation by cytosolic pH, suggesting that cytosolic pH activates TORC1 through activation of Gtr1.
Consistent with the idea that amino acids signal to TORC1 through Gtr1, expression of hyperactive Gtr1 is sufficient to at least partially retain TORC1 activity upon leucine or nitrogen starvation ( Figure S6 ; Binda et al., 2009; Neklesa and Davis, 2009 ). However, Sch9 was still dephosphorylated upon glucose starvation in these cells ( Figure S6 ), suggesting that glucose starvation elicits an additional metabolic signal that contributes to the activation of TORC1 at the level, or downstream of Gtr1 (Neklesa and Davis, 2009 ). Thus, we hypothesized that glucose starvation could regulate Gtr1 activity by directly affecting the amount of guanine nucleotides. Indeed, measurement of the GTP/GDP ratio revealed a significant reduction of the GTP/GDP ratio in glucose starvation, whereas no such reduction was observed on galactose media or upon suppression of PMA1 ( Figure S6 ). Based on this genetic analysis, we conclude that cytosolic pH promotes cell growth at least in part through Gtr1-dependent activation of TORC1.
V-ATPase has recently been shown to be required for activation of mTORC1 in response to leucine levels (Zoncu et al., 2011) . V-ATPase interacts with and activates Rag GTPases to promote mTORC1 activity. Interestingly, we found that deletion of the V-ATPase component VMA2 lead to a significant decrease in Sch9 phosphorylation (Figures 6A and S5) . This defect was further enhanced on neutral growth media, strongly suggesting that V-ATPase links cytosolic pH to Sch9 activation. Indeed, we found that Gtr1 specifically interacted with V-ATPase components in pull-down assays ( Figure 6B ), but was dispensable for V-ATPase assembly and function ( Figures 6C and S7 ), suggesting that Gtr1 acts downstream of V-ATPase to activate TORC1. Moreover, expression of the activated GTR1-Q65L allele significantly restored the growth defect of vma2D mutants and lead to a minor growth defect in wild-type cells ( Figure 6D ). Taken together, these data establish a molecular mechanism of TORC1 activation in response to glucose levels ( Figure 6E ) and demonstrate that cytosolic pH more generally affects cellular signaling through activation of V-ATPase to trigger GTPase signaling.
Some TORC1 Targets Are Insensitive to Glucose Starvation
Having established that cytosolic pH regulates TORC1 activity toward Sch9, we asked if other TORC1-dependent processes were also regulated by glucose availability. We followed the localization of two transcription factors, Gat1 and Rtg1, which are kept inactive in the cytoplasm by active TORC1 in a Tap42-dependent manner, but translocate to the nucleus upon rapamycin treatment ( Figure 7A ; Beck and Hall, 1999; Komeili et al., 2000) . Surprisingly, whereas glucose starvation and reduction of cytosolic pH rapidly triggered nuclear translocation of Rtg1 ( Figures 7A and S7) , Gat1 localization was insensitive to glucose starvation ( Figure 7A ), suggesting that TORC1 was still capable of maintaining cytoplasmic Gat1 localization even in the absence of glucose. Indeed, the addition of rapamycin to glucose-starved cells restored nuclear localization of Gat1, demonstrating that glucose starvation does not affect all TORC1-dependent downstream targets.
To corroborate these data, we followed the induction of autophagy as another marker for TORC1 activity by scoring the induction of GFP-Atg8-positive autophagosomes, or by assaying vacuolar targeting of the cytoplasmic protein Pgk1 as markers for bulk autophagy (Figures 7B-7D) . Interestingly, while autophagy was readily induced by addition of rapamycin, glucose starvation was relatively inefficient. However, when glucose starvation was induced with media containing rapamycin, induction of autophagy was as efficient as with rapamycin treatment alone. It should be noted that rapamycin treatment was unable to restore transcriptional induction of GFP-Atg8 in glucose starved cells ( Figure 7B ), which might interfere with efficient autophagy at later points, and prompted us to restrict this analysis to rather short treatment times.
Taken together, we conclude that, although regulation of Sch9 activity by TORC1 is highly glucose sensitive, TORC1 remains active toward a subset of its targets even under glucose starvation, suggesting that specific TORC1 complexes might exist, which differ in their regulation and substrate specificity ( Figure 7E ).
DISCUSSION
Availability of a C-source regulates cell growth as well as many other aspects of cellular physiology through regulation of various conserved signaling pathways. Here, we show that the two major growth-promoting pathways in yeast, the Ras/PKA and TORC1 pathways, are both activated by glucose indirectly via cytosolic pH. We demonstrate that cytosolic pH promotes cell growth, cell-cycle progression, and cell size. Experimental manipulation of cytosolic pH using genetic tools as well as different growth conditions demonstrates that high cytosolic pH is both sufficient and required to promote cell growth and proliferation, and is sensitive to both the quality and quantity of the available C-source. Thus, we conclude that cytosolic pH is not simply a prerequisite for growth and proliferation, but acts as a cellular signal promoting cell growth in response to different C-sources.
Interestingly, our data suggest that cytosolic pH activates both Ras activity and TORC1 through a single pH-sensor, V-ATPase. We have previously shown that V-ATPase is regulated by cytosolic pH and is required for full activation of the Ras/PKA pathway (Dechant et al., 2010; Dechant and Peter, 2011) . Under nutrient-rich conditions, V-ATPase recruits two distinct GTPases, Arf1 and Gtr1, to activate Ras and TORC1, respectively. Thus, although TORC1 and PKA act in parallel to promote cell growth (Gö rner et al., 2002; Ramachandran and Herman, 2011) , they are regulated by the same upstream signal, cytosolic pH, in response to glucose.
Although TORC1 was shown to be regulated by glucose in yeast and mammals (Csibi et al., 2013; Efeyan et al., 2013; Fingar and Blenis, 2004; Kalender et al., 2010; Urban et al., 2007) , it is best known for its function in sensing amino acid availability (Broach, 2012; Efeyan et al., 2012) . Consistent with recent data from mammalian cells (Efeyan et al., 2013) , our data demonstrate that sensing of amino acids and glucose converges on the same upstream activator, the GTPase complex Gtr1/Gtr2, in a V-ATPase dependent manner. We therefore speculate that V-ATPase serves as an integrator for different nutritional signals. V-ATPase assembly, and hence activity, is regulated by glucose through cytosolic pH (Dechant et al., 2010) . In turn, V-ATPase activity is necessary for sensing amino acid availability (Zoncu et al., 2011) . Thus, C-source availability is a prerequisite for amino acid-dependent activation of TORC1, suggesting a (A) V-ATPase is required for TORC1 activation. Wild-type (WT) and vma2D cells were grown in SD media adjusted to the indicated pH, and Sch9 phosphorylation was analyzed. Relative phosphorylation levels of Sch9 are indicated as in Figure 5A. (B) Gtr1 interacts with V-ATPase in vivo. Cells expressing GST-Gtr1 were grown in SC media containing 2% galactose. TAP-tagged proteins were purified using IgG beads and the amount of coimmunoprecipitated Gtr1-GST was analyzed with western blotting. (C) Gtr1 is not required for V-ATPase assembly. WT and gtr1D cells expressing Vma5-GFP were grown in SD media, loaded into a microfluidic chip, and followed during glucose starvation and readdition. Error bars represent SEM. mechanism that explains how signals from different nutrients can converge to activate a single nutrient-sensitive pathway. Surprisingly, we found that glucose differentially regulates TORC1 toward some established downstream targets. Whereas TORC1-dependent phosphorylation of Sch9 and Rtg1 localization are sensitive to glucose availability, analysis of the regulation of the Tap42-dependent transcription factor Gat1 as well as autophagy revealed that glucose starvation did not inactivate TORC1 toward these targets. We suggest that different subcomplexes may exist that differ in their sensitivity toward upstream signals and downstream targets. For example, TORC1 localized to the vacuolar surface and interacting with V-ATPase and the EGO complex may be specific for Sch9, whereas other TORC1 complexes may act on Tap42-dependent targets. In support of this, the TORC1 component Tco89 is required for activation of Sch9, and interacts with the EGO complex. However, unlike complete loss of TORC1 activity, Tco89 is not essential for viability, demonstrating that it is not required for all TORC1dependent functions (Binda et al., 2009; Reinke et al., 2004) . Similarly, Tor1 and Tor2 can both fulfill the essential function of TORC1, but have distinct localizations in vivo (Sturgill et al., 2008) . However, this model is challenged by our finding that only Rtg1, but not Gat1, is regulated by glucose and cytosolic pH ( Figures 7A and S7 ). Yet, both transcription factors are regulated in a Tap42-dependent manner. We propose that glucosedependent regulation of Rtg1 might be caused by another glucose-sensitive signaling pathway, possibly Ras/PKA, to appropriately shape the cellular response to glucose. Indeed, Rtg1 is not regulated exclusively by TORC1, but also integrates various stress signals (Ruiz-Roig et al., 2012). Alternatively, different thresholds of TORC1 activity may be required to trigger its various downstream targets, so that residual activity of TORC1 upon glucose starvation might be sufficient to suppress Gat1-dependent transcription and autophagy, and detailed quantitative analysis will be required to discriminate between these possibilities.
Our study also identified the GTPase Arf1 that mediates V-ATPase-dependent activation of Ras. Arf1 was originally identified as a regulator of secretion and vesicle trafficking within the Golgi compartment but little is known about potential upstream activators of Ras activity that might link Arf1 activity to Ras. Arf1 might contribute to Ras activity by regulating its subcellular localization or turnover at the plasma membrane.
It is important to note that V-ATPase is not the only regulator of TORC1 or Ras activity. Indeed, cells devoid of any V-ATPase activity retain residual activity of both Ras and TORC1, which is further reduced by glucose starvation. Thus, additional glucose-dependent signals must exist to regulate the activity of both pathways. While we can only speculate about the molecular nature of these signals, changes in cellular metabolism might directly contribute to the regulation these pathways. For example, an increase in the GTP/GDP ratio upon glucose readdition will inevitably affect GTPase activities. Similarly, an increase in ATP concentrations might directly affect cAMP production or even activity of protein kinases (Dennis et al., 2001) . Such metabolic alterations are excellent candidates for rapid adaptations to nutrient availability at very short time scales and may precede activation of signal transduction cascades.
Changes of cytosolic pH in response to different C-sources are likely linked to the different efficiency with which yeast cells metabolize these C-sources. Whereas glucose is efficiently metabolized and generates high glycolytic fluxes and ATP production, raffinose is metabolized more slowly, which might lead to lower cytosolic pH, thus possibly linking energy metabolism to the regulation of cell growth. Indeed, cells spend a significant amount of cellular ATP on the regulation of pH (Saad et al., 2013) , suggesting that this process is extremely sensitive to changes in energy metabolism.
Higher cytosolic pH has been correlated with increased cell growth and proliferation in mammalian cells. Most notably, cellular transformation is associated with an increased cytosolic pH (Perona et al., 1990; Perona and Serrano, 1988) and profound alterations in cellular metabolism (Vander Heiden et al., 2009 ). However, it remains an important open question in cancer biology if cellular transformation is the cause or the consequence of metabolic changes. Our study addresses the interplay among cellular metabolism, cytosolic pH, and cell growth, and demonstrates that changes in cytosolic pH are indeed causally linked to the regulation of growth. Thus, cytosolic pH might have a conserved function regulating cell growth and cellular signaling and might contribute to increased cell growth during cellular transformation.
EXPERIMENTAL PROCEDURES
Cell Growth, Physiology, and Media Plasmids and yeast strains are listed in Tables S1 and S2. Cells were grown in YNB based media (prototrophic strains; 0.34% yeast nitrogen base [Difco], 0.1% amino acid as sole nitrogen source (N-source) and 1% C-source), or SC-based media (auxotrophic strains; 0.17% yeast nitrogen base, 2% Csource, 0.5% NH 4 -sulfate, and amino acids; Dechant et al., 2010) . Growth rates were determined by measuring optical density 600 (OD 600 ) of logarithmically growing 5 ml cultures over 4-5 hr at 30 C. Cell size was determined using a CASY counter (Roche).
Net Proton Pumping
Cells were grown to OD 600 of 1.0, washed twice with PBS (150 mM NaCl, 10 mM Na-PO 4 , at pH 7.4) and resuspended in PBS to a final OD 600 of $2. After addition of C-source (2%), aliquots were filtered using 0.4 mm sterile filters and the pH of the filtrate was determined using a conventional pH electrode. Proton pumping activity was calculated based on the pKa (6.2) and phosphate concentration of PBS and normalized to the final OD 600 .
Microscopy
For time-lapse analysis of cells expressing tetO7-PMA1, cells were loaded in a microfluidic chip (Cellasics) and imaged every 10 min after the addition of doxycycline using Micromanager software. Data were analyzed using ImageJ (NIH) software. Cytosolic pH and dynamics of V-ATPase assembly and disassembly were quantified as described (Dechant et al., 2010) .
Ras Activity
Cells expressing RBD-GFP and TMD-RFP were segmented based on the membrane marker TMD-RFP and objects corresponding to the plasma membrane and cytoplasm (rim; a region directly adjacent to the plasma membrane with a width of 4 pixels) were defined using YeastQuant software (Pelet et al., 2012) . The ratio of the mean GFP intensity in the membrane and rim compartments was calculated, and averaged over all unambiguously tracked cells from multiple experiments. All data were scaled by dividing through the lowest value of each genotype.
Arf1 Activity
Cells were segmented based on the bright-field image using YeastQuant. Arf1 membrane recruitment was scored by calculating the coefficient of variation of pixel intensities in the GFP image for each cell. Data for individual experiments (>500 cells per condition) were averaged, and the mean and SEM of at least four experiments was calculated. For time-lapse analysis, z stacks were recorded (five planes) and maximum intensity projections were calculated before analysis. Data from cells recorded in at least three time-course experiments were averaged.
Atg8 Localization Cells were imaged as described for Arf1 time-lapse analysis. Data of cells recorded in three independent time-course experiments were averaged.
Sch9
Phosphorylation TORC1-dependent Sch9 phosphorylation was analyzed with the phosphospecific antibody recognizing T737, or following NCTB cleavage as described (Urban et al., 2007) . Sch9-HA was detected using conventional chemoluminescence. Films were scanned and signals corresponding to the phosphorylated and unphosphorylated forms of the C-terminal Sch9-HA fragment were quantified using ImageJ. The ratio of the intensities was calculated and normalized to the control (100%).
Coimmunoprecipitation
Cells were resuspended in IP-buffer (13 PBS, 10% glycerol, 0.5% Tween 20, 1 mM NaF, 1 mM PMSF, and protease inhibitor mix [Roche]) and lysed by bead beating using glass beads (Sigma) in a FastPrep (QBiogene) machine. Extracts were cleared by centrifugation at 15,000 3 g and TAP-tagged proteins isolated using rabbit IgG coupled to magnetic beads (Invitrogen). Beads were washed six times using IP-buffer and proteins were eluted from beads by boiling in SDS-sample buffer containing 8 M urea.
Statistical Analysis
Unless otherwise indicated, all data are shown as mean ± SEM of at least three independent experiments, and probabilities based on a Student's t test were calculated to ensure statistical significance.
